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Neutron diffraction analysis 
of stress and strain partitioning 
in a two‑phase microstructure 
with parallel‑aligned phases
Qiuliang Huang1,8,9, Ran Shi2,9, Ondrej Muránsky3, Hossein Beladi4, Saurabh Kabra5, 
Christian Schimpf6, Olena Volkova1, Horst Biermann7 & Javad Mola2*
By time‑of‑flight (TOF) neutron diffraction experiments, the influence of segregation‑induced 
microstructure bands of austenite (γ) and martensite (α′ ) phases on the partitioning of stress and 
strain between these phases was investigated. Initially, tensile specimens of a Co‑added stainless 
steel were heat treated by quenching and partitioning (Q&P) processing. Tensile specimens were 
subsequently loaded at 350 °C parallel to the length of the bands within the apparent elastic limit of 
the phase mixture. Lattice parameters in both axial and transverse directions were simultaneously 
measured for both phases. The observation of a lattice expansion for the γ phase in the transverse 
direction indicated a constraint on the free transverse straining of γ arising from the banded 
microstructure. The lateral contraction of α′ imposed an interphase tensile microstress in the 
transverse direction of the γ phase. The multiaxial stress state developed in the γ phase resulted 
in a large deviation from the level of plastic strain expected for uniaxial loading of single phase γ. 
Since segregation‑induced banded microstructures commonly occur in many engineering alloys, 
the analysis of stress and strain partitioning with the present Q&P steel can be used to interpret the 
observations made for further engineering alloys with two‑phase microstructures.
Ever since its introduction in  20031, the quenching and partitioning (Q&P) processing has attracted increasing 
interest for developing advanced high strength  steels2–6. By virtue of the presence of retained austenite (RA) with 
sufficient mechanical stability, Q&P steels can exhibit an enhanced ductility-strength combination compared 
to quenched and tempered  steels7,8. In the course of processing, austenite (γ) is first partially transformed to 
martensite (α′ ) by quenching to temperatures below martensite start temperature  (Ms). Upon subsequent reheat-
ing, the supersaturated carbon (C) in the martensite diffuses into austenite and thereby stabilizes austenite. This 
process is referred to as “partitioning”.
The enrichment of C in the austenite phase of Q&P steels during partitioning is associated with a lattice 
 expansion9. Interpreting the extent of partitioning based on the increase in the lattice parameter might become 
difficult owing to the overlap of several competing phenomena during the partitioning step. Challenges include 
the simultaneous occurrence of bainite transformation and the decomposition of RA, which can also contribute 
to C enrichment into the remaining austenite and hence overlap with the C partitioning from martensite into 
 austenite10. The efficiency of Cr in suppressing the bainitic reaction implies that stainless steels such as the one 
used in present work can be processed via Q&P processing without concerns about the bainite formation in 
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the partitioning  step8. Furthermore, due to the high Cr content of stainless steels, the decomposition of RA in 
stainless steels can only occur subsequent to its destabilization by the formation of Cr-rich  carbides11. During 
dilatometry heating of Fe–13Cr–0.47C and Fe–13Cr–2Si–0.47C (concentrations in wt% throughout the text) 
steels at a rate of 5 K/min, an increase in the apparent coefficients of thermal expansion (CTE) caused by the 
decomposition of RA to a mixture of ferrite and carbides was detected at temperatures higher than 540 °C12.
Upon quenching, martensitic transformation is accompanied by a shape change consisting of a shear strain 
of approximately 0.22 and a dilatational strain of 0.03 normal to the habit  plane13,14. In steels consisting of com-
positional bands created by hot rolling or hot extrusion, the length changes during martensitic transformation 
have been observed to be anisotropic along the longitudinal and transverse  directions15,16. These observations 
were attributed to the interdendritic segregation of alloying elements during solidification and the parallel align-
ment of the segregated regions during hot processing, eventually leading to the formation of bands with different 
martensite start and austenite reversion temperatures. Anisotropic dimensional changes were also observed dur-
ing cyclic annealing of a forged duplex stainless steel rod with a preferential alignment of  phases17. The results 
showed that the longitudinal specimen expanded with each cycle, whereas the transverse specimen contracted. 
These were interpreted in view of the dissimilar CTE of γ and ferrite (α) that coexisted in the banded structure. 
Anisotropic length changes during the martensitic transformation of austenite in a ferritic stainless steel consist-
ing of γ + α at high temperatures have been attributed to the planar banded arrangement of phases caused by 
the prior hot  rolling18. In the latter case, ferrite acted as a constraint against the in-rolling-plane strain (strain 
parallel to the bands) during the transformation, causing exaggerated dimensional changes perpendicular to the 
bands, namely in the normal direction.
In addition, the deformation behavior is far from being homogeneous in alloys consisting of several phases 
characterized by different flow stress levels, e.g. the γ and α phases in duplex stainless  steels19. The partitioning 
of stress and strain in two-phase composite materials is rather complex as it may be influenced by factors such as 
the stress–strain behavior of each single phase, spatial distribution of phases, and their volume  fractions20,21. In 
particular, a large difference exists whether it is the harder or the softer phase that constitutes the  matrix22. Since 
the microstructure of most advanced steels consists of multiple phases with different mechanical properties and 
a non-homogenous distribution of phases, it is important to identify the influence of such inhomogeneities on 
the ability of phases to carry stress and strain and to relate this with the mechanical properties.
The evolution of lattice parameter in constituent phases of multiphase alloys can be experimentally deter-
mined by using diffraction  techniques23. The selective nature of diffraction techniques enables to separate the 
elastic response of different phases during deformation and separate the elastic portion of the total deforma-
tion from the plastic part. Mary et al.24 quantified the residual stresses in α and γ phases present in the banded 
microstructure of a hot-rolled duplex stainless steel using X-ray diffraction (XRD). The time-of-flight (TOF) 
neutron diffraction technique used in the current study is a well-established tool for studying micromechanical 
behavior of  materials25,26. Information from the exposed volume can be simultaneously collected by two detectors 
placed perpendicularly to each other, enabling to calculate the stress and strain in two perpendicular directions.
The present work analyses the partitioning of stress and strain between martensite and austenite phases 
in a Q&P stainless steel by means of in-situ TOF neutron diffraction. The results highlight the importance of 
compositional banding, an inevitable characteristic of many engineering alloys, on the partitioning of stress and 
strain and yielding of the coexisting phases.
Methods
The studied steel, a Co-containing stainless steel with the chemical composition given in Table 1, was produced 
in a vacuum induction melting and casting facility. After homogenization at 1,150 °C for 3 h, the cast ingot was 
forged and caliber-rolled into a bar with a diameter of 12 mm. Tensile specimens parallel to the rolling direc-
tion (RD) were machined in accordance with the DIN 50125 standard and had a gauge diameter of 6 mm and 
a parallel length of 36 mm.
As the quenching and partitioning steps were performed separately at different locations, room temperature 
(RT) was selected as quench temperature to facilitate the transportation of the specimens. Prior to quenching, 
the specimens were solution annealed at 1,250 °C for 10 min in a sealed quartz tube evacuated to 2.5 ×  10–3 mbar 
before sealing. After breaking the tube, the specimens were quenched in an oil bath at 60 °C followed by air 
cooling to RT.
Diffraction measurements were carried out within the ENGIN-X diffractometer equipped with a heating 
stage and a stress rig in the ISIS spallation neutron source, the Rutherford Appleton Laboratory, UK. The dif-
fractometer enabled in-situ TOF neutron diffraction measurements. Diffraction measurements were done once 
the temperature reached 350 °C. Temperature was measured by a thermocouple attached to the gauge section 
of the tensile specimen. The choice of a high temperature, rather than RT, for the in-situ neutron diffraction 
measurements was intended to exclude the deformation-induced transformation of austenite. The routines for 
stress-free and stress-applied measurements are schematically shown in Fig. 1. In both experiments, the speci-
mens were first reheated at about 1 K/s to a partitioning temperature of 350 °C in a radiant air furnace followed 
by the collection of the first diffraction pattern. During the stress-free experiment, further diffraction patterns 
Table 1.  Chemical composition of the investigated stainless steel (in wt%).
Steel C Cr Co Si Mn N Fe + others
CrCo 0.46 12.6 3.07 0.34 0.31 0.009 Bal.
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were continuously recorded. The counting time for each spectrum was 2.5 min. Measurements were terminated 
after the collection of 22 patterns, corresponding to a total isothermal holding time of approximately 55 min. 
For the stress-applied experiment, the tensile stress was immediately applied at the end of the collection of the 
first pattern, causing a time interval of ~ 43 s between the first two measurements.
Figure 2a shows the setup of the neutron diffraction measurements. The tensile direction was oriented 45° 
with respect to the incident beam. Two detectors mounted perpendicular to the incident beam enabled the simul-
taneous acquisition of the diffraction patterns from both the axial direction (prior RD) and transverse direction. 
In the stress-free course, only one end of the specimen was mounted to the stress rig to allow for its free volume 
change. Diffraction patterns were collected over a wide range of lattice spacings. The GSAS II package was used 
for the full-profile Rietveld refinement to determine the lattice parameter which was further used for the calcula-
tion of phase strains. In Fig. 2b,c, the Rietveld refinement is demonstrated for the patterns obtained from axial 
and transverse directions before and after mechanical loading at 350 °C. In the present results, no visible peak 
splitting indicative of any tetragonality of martensite was observed in diffraction patterns. This is consistent with 
the results observed for the martensite phase in a Co-free variant of the experimental steel (Fe–13Cr–0.47C) indi-
cating that martensite loses most of its tetragonality at 300 °C27. Accordingly, the crystal structure of martensite 
can be assumed to be body-centered cubic and can be described by one lattice parameter only.
The microstructure of a specimen in the quenched and partitioned condition was characterized by opti-
cal microscopy (OM) and electron backscatter diffraction (EBSD). To reduce the risk of preparation-induced 
martensite formation, the specimen was mechanically ground under the flow of hot water (nearly 80 °C). This 
was followed by polishing with 6 μm and 3 μm diamond suspensions and a final polish with a non-crystallizing 
colloidal silica suspension. Etching for OM was done by using the Beraha I solution. After electropolishing, 
EBSD measurements with a step size of 0.35 μm were done in a Zeiss Auriga field-emission scanning electron 
microscope.
Figure 1.  Schematic diagrams of the reheating schemes for (a) stress-free and (b) stress-applied measurements.
Figure 2.  (a) The setup of ENGIN-X diffractometer at ISIS. Demonstration of full-profile Rietveld refinement 
via GSAS for two diffraction patterns from axial direction (b) and two diffraction patterns from transverse 
direction (c). The results in (b,c) show measured data points, calculated curves and the difference between 
measured and calculated curves.
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Results and discussions
Microstructure. The schematic in Fig. 3a shows the polish planes for microstructural examinations. Fig-
ure 3b–e show optical micrographs corresponding to the rolling and transverse planes, respectively. After etch-
ing with Beraha I solution, the austenite phase is less attacked by the etchant and appears bright, while martensite 
phase gives a relatively dark contrast. A closer examination of the optical micrographs indicated that—in spite 
of the careful metallographic specimen preparation—some of the austenite regions have transformed to mar-
tensite during specimen preparation. Nevertheless, the fact that the freshly formed martensite did not contain 
tempering carbides still provided an adequate contrast for the identification of martensite and prior austenite. 
The presence of a fiber-banded microstructure is also evident in the EBSD inverse pole figure map of austenite 
as shown in Fig. 3f.
Based on the microstructural examinations, the microstructure can be described to consist of relatively 
coarse fibre-like austenitic regions surrounded by transformed martensite regions (Fig. 4a). The latter regions 
also contained a small fraction of interlath austenite. As the hard martensite phase forms a continuous network, 
it is expected to exert a large influence on the deformation of austenite when the phase mixture is subjected to 
an external loading.
In steels, there is a general consensus that the banded  microstructure28,29 arises because of the microsegre-
gation of alloying elements which can be traced back to the dendritic nature of the solidification  process30,31. 
The formation of a banded structure is schematically illustrated in Fig. 4b,c. During solidification, dendrite 
nucleation and growth leads to the segregation of majority of alloying elements to the remaining liquid, namely 
inter-dendritic regions once the solidification is complete. In particular, the segregation pattern is controlled 
by the solidification mode (ferritic vs austenitic), cooling condition, and the solubility of alloying elements in 
the coexisting solid and liquid  phases32. In Fig. 4b, several dendrites aligned parallel to one another are shown 
within a few grains in the as-cast condition. The dendrite cores and arms are expected to have a relatively lower 
alloy content as the alloying elements have segregated to inter-dendritic regions during the solidification process. 
Upon the subsequent hot-rolling, the segregation pattern of alloying elements is elongated in the rolling direc-
tion (Fig. 4c). Hot rolling is also accompanied by grain refinement due to dynamic/static recrystallization. As a 
result, the elongated dendrites may extend across many grain boundaries after hot rolling. At RT, the dendritic 
regions with a low solute content and inter-dendritic regions with a high solute content appear in the form of 
α′ and γ phases, respectively. The microstructural banding is retained during the subsequent Q&P treatment.
Stress‑free and stress‑applied measurements. To restrict plastic deformation during measurements 
under external tensile stress, the applied stress level was set to be well below the 0.2% proof stress. Figure 5a 
shows the engineering stress–strain curve of the quenched steel tested at 400 °C. The 0.2% proof stress was found 
to be 1,228 MPa. As the yield strength generally decreases at higher temperature due to thermally activated 
 processes33, it is reasonable to assume that the 0.2% proof stress exceeds 1,200 MPa also at 350 °C. Therefore, the 
applied stress was set to 700 MPa. Phase fraction evolutions of α′ and γ phases based on stress-applied diffraction 
measurements are shown in Fig. 5b. The average martensite fraction  (fα′) is approximately 66 vol% and the steady 
Figure 3.  (a) Schematic of specimen planes as referred to in the presented micrographs; (b,c) optical 
micrographs of the rolling plane; (d,e) optical micrographs of the transverse plane. In (b–e) α′ and γ phases 
provide dark and light contrasts, respectively. (f) EBSD inverse pole figure map of austenite in the transverse 
plane, showing crystal directions normal to the plane of view in color.
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temporal evolution of the phase fraction confirms the absence of phase transformation during stress-applied 
measurements.
Figure 6 shows the lattice parameter evolutions of austenite (aγ) and martensite (aα′) for both axial and 
transverse directions. The average error associated with the Rietveld refinement procedure is estimated to be ± 
0.0008 Å. In the course of stress-free measurements, as shown in Fig. 6a, aα′ remains nearly constant indicating 
that the tempering reactions associated with a change in the solute C content of martensite have occurred at lower 
temperatures during heating. For the austenite, on the other hand, the results in Fig. 6b show a slight increase in 
aγ along both axial and transverse directions. The increase in aγ can be justified by the C enrichment of austenite 
during stress-free measurements. The C enrichment of austenite without noticeable changes in the solute C con-
tent of martensite implies that the C atoms migrated into the austenite have been supplied by those segregated at 
lattice distortions in martensite and phase boundaries rather than the solute C in  martensite27. The segregation 
of C to defects in the martensite can happen even at RT according to atom probe tomography  investigations7. 
The C enrichment of austenite occurs mostly within the first 2 to 3 measurements corresponding to a time of ~ 
5 min and becomes sluggish during the rest of the steps. Similar observations have been made during the high-
temperature (HT) XRD measurements using a Co-free variant of the present  steel12. In the latter case, majority 
of the C partitioning had already occurred during heating to 350 °C. Therefore, the fraction of C that continues 
to enrich in the austenite during the current neutron diffraction measurements is only a small fraction of the 
Figure 4.  Schematic illustrations of (a) the idealized microstructure consisting of fibre-like austenitic 
regions surrounded by transformed martensite regions (cf. micrographs in Fig. 3), (b) the dendritic as-cast 
microstructure and (c) the formation of a fibre-banded microstructure during caliber rolling.
Figure 5.  (a) Engineering stress–strain curve for the quenched steel tested at 400 °C; (b) phase fraction 
evolution during stress-applied measurements.
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C already partitioned into the austenite before the onset of the measurements. This facilitated the intended 
analysis of the stress–strain partitioning. In the course of the stress-applied experiment, aα′ remains constant 
along both axial and transverse directions, while aγ grows at a rate comparable to the stress-free experiment. The 
comparable evolution of aγ with and without stress application confirms that the application of stress does not 
enhance the extent of C partitioning. Therefore, the lattice parameters based on stress-free measurements were 
used to estimate the relatively small effect of C enrichment on the measured aγ values during the measurements.
According to the Fick’s second law, the diffusion distance is proportional to square root of time ( 
√
t)34. Assum-
ing that the increase in the lattice parameter of austenite arising from C partitioning changes proportional to 
the diffusion distance, the increase in the lattice parameter attributable to the C enrichment is also expected to 
be proportional to 
√
t  . Our efforts to plot a reasonable square root fit to the lattice parameters of austenite in 
stress-free measurements (Fig. 6b) was not successful. This can be explained by the steady decrease in the C (in 
martensite) that is available for partitioning. Therefore, the evolution of Δaγ with time for the case of stress-free 
condition was approximated by means of linear fitting to the aγ values of stress-free measurements (dashed lines 
in Fig. 6b).
Quantitative analysis of the change in the solute C content of austenite (∆Cγ) was made using the following 
equation:
where βγ is a constant and can take values between 0.033 and 0.04735–38. Since recent XRD  measurements39 yielded 
a value almost exactly matching the value 0.044 reported  in36, the latter value was used for the estimation of the 
solute C content in austenite.
The slope of the fitted line in axial direction is comparable to that in transverse direction. This implies that the 
lattice distortion caused by the time-dependent C enrichment of austenite causes a nearly isotropic expansion of 
the lattice parameter, which is consistent with the regularity of octahedral sites in  austenite40. At the end of the 
stress-free experiment, the C enrichment of austenite, ∆Cγ, based on the average of the two linear fits is about 
0.0233 ± 0.018 wt % (~ 5.07 ± 0.04% of the nominal C concentration of the steel). This estimation is in agreement 
with our previous results in which changes in the lattice parameter of austenite due to its C enrichment were 
measured by HT XRD  measurements12.
Referring to Fig. 6b, the temporal evolution of aγ along transverse and axial directions is comparable to those 
for the stress-free condition. The comparable lattice expansion of austenite after the application of stress shows 
that there is no influence of external stress on C partitioning kinetics. Furthermore, it appears unlikely that the 
application of stress has resulted in an abrupt instantaneous boost in the C concentration of austenite. With this 
assumption, the stress and strain partitioning upon the application of stress was studied by subtracting the lattice 
parameter increment caused by the C enrichment of austenite. The stress-free measurement data provided the 
reference values for the latter subtraction procedure.
Stress and strain partitioning. By subtracting the lattice parameter under stress-free condition (at 
0 MPa) from stress-applied condition (at 700 MPa) ( ap = a700MPap − a0MPap  , p = α′ or γ), the phase strain ( εp ) 









Figure 6.  Lattice parameter evolutions for (a) α′ and (b) γ phases during stress-free and stress-applied 
experiments. Arrows indicate changes in aα′ and aγ due to the stress application.
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where ap,0 is the lattice parameter obtained from the first diffraction pattern (of the stress-applied scheme), 
namely before the application of stress at 350 °C.
For an isotropic specimen (e.g. polycrystals) subjected to uniaxial tensile stress, the Poisson’s ratio is a measure 
of the contraction in directions perpendicular to the direction of straining (transverse direction) relative to that 
in the axial direction (−εtransverse/εaxial ). When used within their design limits (below yield point), most steels 
and rigid polymers exhibit values of the order of 0.341. Apparent Poisson’s ratios ( v ) of α′ and γ phases during 
measurements under stress were calculated as (− εtransverse/εaxial ) and are given in Fig. 7. The average apparent 
Poisson’s ratios for α′ and γ phases are 0.385 and − 0.021, respectively. The abnormal near-zero elastic strains 
in the austenite phase in directions perpendicular to the tensile loading direction, as can be also inferred from 
Fig. 6b, is expected to arise due to the development of a stress state much different from that expected upon 
loading of a fully austenitic  specimen42. This peculiar observation is explained by the interactions of austenite 
with the coexisting martensite as discussed in the following.
The relation between stress and strain in multiphase alloys is usually described by the law of  mixtures43,44 
through defining a mixture in which either stress or strain in all phases are  equal45. Given the alignment of the 
microstructure bands of α′ and γ parallel to the tensile loading axis in the present study, it can be assumed that 
along the axial direction, α′ and γ phases experience an equal strain ( εγaxial = ε
α
′
axial ). The equal strain assump-
tion is also commonly used to describe the behavior of fiber-reinforced composite materials loaded parallel to 
the length of  fibers46.
As mentioned previously, the applied tensile stress of 700 MPa is far below the 0.2% proof stress of the steel 
(as shown in Fig. 5a). Due to the higher yield strength of α′ compared to that of the γ, the deformation of α′ 
under the stress-applied condition in the present work can be assumed to be entirely elastic. Once the strain 





transverse ) are obtained via 





transverse ) can be determined by using 
the Hooke’s law. The Hooke’s law for the Cartesian coordinates system with a set of x, y, and z orthogonal axes 
can be written in the following  form47:
where E is the Young’s modulus and v is the Poisson’s ratio. In the present case, the axial direction of the tensile 
specimens can be taken as the x direction and two orthogonal directions normal to the tensile loading direction 
as y and z direction. The fibre-banded microstructure in the present case imposes that the stress in all directions 
perpendicular to the axial direction σα
′
transverse should be equal. In other words, y and z directions in Eqs. (3)–(5) 
may be treated as the same and may be treated as the transverse direction in the present case. Therefore, the 
















[(1− ν)εz + ν(εx + εy)]
Figure 7.  Apparent Poisson’s ratio of phases α′ and γ during stress-applied measurements. The values were 
calculated using − εtransverse/εaxial.
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Since the elastic constants of martensite are similar to ferrite, we used the parameters of ferrite instead. All 
the parameters used in the current calculations are listed in Table 2. In martensitic-austenitic stainless steels, 
the martensite phase acts as the harder phase dominating the deformation of both phases. Along the transverse 
direction, due to the requirement of force balance between α′ and γ phases at phase boundaries, the stress in 
austenite depends on the volume fraction ratios according to the following equation:
where f represents the volume fraction of the superscripted phase and the negative sign reflects the fact that the 
stresses in α′ and γ phases are of opposite sign.
Given the elastic nature of the microstrains measured by neutron diffraction, the Hooke’s law can be used for 
the calculation of the elastic stresses in γ in the axial direction:
Once the stress state of γ in the axial direction is known, the elastic strain caused by its stress state can be 
calculated as follows:
The calculated stresses and strains in axial and transverse directions of α′ and γ are plotted in Fig. 8a. For 
stress calculations, possible preexisting residual stresses in phases prior to neutron diffraction measurements, e.g. 
thermally-induced stresses, were neglected. Along the external tensile loading axis, stress in α′ is nearly 730 MPa 
and exceeds that in γ at about 560 MPa. The latter value significantly surpasses the typical yield strength during 
uniaxial tensile testing of austenitic  steels49. Provided that the used assumption of equal strain in α′ and γ phases 








































































Table 2.  High temperature (T) Young’s modulus (E) and Poisson’s ratio ( v ) of α′ and γ  phases48.
T, °C
γ α′
E, GPa v E, GPa v
350 175 0.313 200 0.287
Figure 8.  (a) Stress partitioning and (b) strain partitioning in axial and transverse direction for the indicated 
phases under an external tensile stress of 700 MPa; (b) also shows the calculated and experimental strains in 
austenite along the transverse direction.
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used to estimate the actual plastic strain experienced by the γ phase in the axial direction. Such a calculation 
returns a plastic strain of only εγplastic = 0.087% in the austenite phase. Accordingly, no peak broadening effect 
was detected in the diffraction patterns and no visible plasticity caused by microyielding could be inferred from 
the stress–strain curve (Fig. 5a).
The small level of plastic strain in γ appears at first glance not to be compatible with the high stress level of 
560 MPa carried by the austenite phase in the axial direction. This observation can be explained by the develop-
ment of a multiaxial stress state in austenite, as outlined in the following, resulting in a reduction in the deviatoric 
component of stress. The abnormal positive strain in the transverse direction of γ phase implies the existence of 
tensile forces that oppose its lateral contraction. The opposing forces are caused by the predominant and stronger 
α′ phase as it responds to the applied axial stress by contracting in the transverse direction. The lateral contrac-
tion of α′ phase in turn induces a tensile stress of approximately 260 MPa in the γ phase, opposing its transverse 
contraction. Accordingly, the equivalent von Mises stress is calculated to be approximately 300 MPa, which is 
comparable to the elastic limit of an austenitic stainless steels with a similar chemical composition at 200 °C49. 
Considering that the austenite is subjected to a multiaxial stress  state50,51, as imposed by the coexisting martensite 
phase, a large hydrostatic component of the stress tensor might have delayed  yielding52.
It is known that dissimilar CTE of austenite (γ) and ferrite/martensite (α/α′ )17,18,24 in banded microstructures 
could induce  microstresses10,23. In the present case, such stresses can develop during processing steps where γ 
and α′ coexist. These are, on the one hand, temperatures below the martensite start temperature of the steel (~ 
138 °C,53) as the steel is oil cooled from the solution annealing temperature and, on the other hand, during heat-
ing from RT to 350 °C for neutron diffraction measurements. Cooling will have an additional contribution due 
to the expansion associated with martensitic transformation. Further factors that might aid the residual stress 
development are the length changes associated with tempering reactions in α′ and carbon partitioning between 
α′ and γ during heating to 350 °C for neutron diffraction measurements.
Given the higher CTE of γ than α′ in the banded structure, oil quenching will induce tensile stresses in γ 
parallel to the bands. Heating of a γ + α′ banded microstructure, on the other hand, will cause compressive 
microstresses in γ parallel to the bands. Therefore, heating to 350 °C will initially cancel out any residual stresses 
that might have developed during oil quenching and then causes a reversal of the sign of stress. At the beginning 
of neutron diffraction measurements at 350 °C, residual compressive microstresses are likely to exist in γ parallel 
to the bands, and tensile stresses in the transverse direction. For α′ , microstresses will be of an opposite sign. 
Preexisting compressive stresses in the γ phase parallel to the bands are another possible reason contributing to 
the negligible yielding of austenite during external tensile loading to 700 MPa.
The elastic strains for different lattice planes are summarized in Fig. 9 and indicate a conyiderable anisotropy 
of elastic strains. The relative magnitudes of elastic strains in α′ phase (Fig. 9a) in the loading direction are in 
an almost perfect agreement with the reported stiffness values for ferritic  steels52. In other words, elastic strains 
are inversely proportional to the elastic moduli, namely  E200,α′ <  E211,α′ <  E110,α′. The relative magnitude of elastic 
strains for γ phase (Fig. 9b) in the loading direction are in reasonable agreement with the reported elastic moduli, 
namely  E200,γ <  E311,γ <  E220,γ <  E111,γ24. If peak shifts due to the lattice faults in γ phase are neglected, the small 
discrepancy between the relative elastic moduli and lattice strains can be attributed to the extent to which the 
used stiffness values for γ phase are applicable to the present steel.
Figure 9.  Evolution of lattice strains for different reflections of (a) martensite and (b) austenite. Lattice strains 
are shown for both axial and transverse directions.
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Conclusions
The influence of segregation-induced microstructure bands of α′ and γ phases aligned by caliber rolling on the 
partitioning of stress and strain between the phases was investigated. For this purpose, tensile specimens of a 
quenched and partitioned Co-added stainless steel were tensile loaded parallel to the direction of the bands and 
the lattice parameters in the axial and transverse directions were simultaneously measured by time-of-flight neu-
tron diffraction experiments at 350 °C. Monitoring the temporal evolution of lattice parameters under stress-free 
and stress-applied holding indicated that stress application had no evident effect on boosting the C enrichment 
of γ phase. The observation of a negative apparent Poisson’s ratio of − 0.021 for the γ phase upon the application 
of a tensile stress of 700 MPa indicated a constraint on the free transverse straining of γ phase. The constraint 
was found to arise from the fibre-banded microstructure. In simple terms, the lateral contraction of the α′ phase 
imposed an interphase tensile stress in the transverse direction of the γ phase, thereby opposing its contraction. 
The induced tensile stress of approximately 260 MPa in the γ phase opposed its transverse contraction in response 
to its actually positive Poisson’s ratio. This observation was explained by a basic consideration of the elasticity 
theory. The multiaxial stress state developed in the γ phase resulted only in a negligible plastic deformation of γ 
phase and a large deviation from the level of plastic strain expected if single phase γ were uniaxially loaded. The 
analysis of stress and strain partitioning with the present Q&P steel can be used to interpret the observations 
made for further two-phase alloys with banded microstructures.
Received: 20 May 2020; Accepted: 21 July 2020
References
 1. Speer, J. G., Streicher, A. M., Matlock, D. K., Rizzo, F., & Krauss, G. Quenching and partitioning: A fundamentally new process to 
create high strength trip sheet microstructures. in Symposium on the Thermodynamics, Kinetics, Characterization and Modeling 
of: Austenite Formation and Decomposition, 505–522 (2003).
 2. Wang, C., Chang, Y., Li, X., Zhao, K. & Dong, H. Relation of martensite-retained austenite and its effect on microstructure and 
mechanical properties of the quenched and partitioned steels. Sci. China Technol. Sci. 59(5), 832–838. https ://doi.org/10.1007/
s1143 1-016-6045-y (2016).
 3. Gui, X. et al. Effect of bainitic transformation during BQ&P process on the mechanical properties in an ultrahigh strength Mn-
Si-Cr-C steel. Mater. Sci. Eng. A 684, 598–605. https ://doi.org/10.1016/j.msea.2016.12.097 (2017).
 4. Speer, J. G. et al. Analysis of microstructure evolution in quenching and partitioning automotive sheet steel. Metall. Mater. Trans. 
A 42(12), 3591–3601. https ://doi.org/10.1007/s1166 1-011-0869-7 (2011).
 5. Tsuchiyama, T., Tobata, J., Tao, T., Nakada, N. & Takaki, S. Quenching and partitioning treatment of a low-carbon martensitic 
stainless steel. Mater. Sci. Eng. A 532, 585–592. https ://doi.org/10.1016/j.msea.2011.10.125 (2012).
 6. Findley, K. O., Hidalgo, J., Huizenga, R. M. & Santofimia, M. J. Controlling the work hardening of martensite to increase the 
strength/ductility balance in quenched and partitioned steels. Mater. Des. 117, 248–256 (2017).
 7. Yuan, L. et al. Nanoscale austenite reversion through partitioning, segregation and kinetic freezing: Example of a ductile 2 GPa 
Fe–Cr–C steel. Acta Mater. 60(6–7), 2790–2804 (2012).
 8. Mola, J. & De Cooman, B. C. Quenching and partitioning (Q&P) processing of martensitic stainless steels. Metall. Mater. Trans. 
A 44(2), 946–967 (2013).
 9. Bigg, T. D., Edmonds, D. V. & Eardley, E. S. Real-time structural analysis of quenching and partitioning (Q&P) in an experimental 
martensitic steel. J. Alloys Compd. 577(Supplement 1), S695–S698. https ://doi.org/10.1016/j.jallc om.2013.01.205 (2013).
 10. Allain, S. et al. Effects of Q&P processing conditions on austenite carbon enrichment studied by in situ high-energy X-ray diffrac-
tion experiments. Metals 7(7), 232. https ://doi.org/10.3390/met70 70232 (2017).
 11. Bénéteau, A. et al. Tempering of a martensitic stainless steel: Investigation by in situ synchrotron X-ray diffraction. Acta Mater. 
81, 30–40 (2014).
 12. Huang, Q., Schröder, C., Biermann, H., Volkova, O. & Mola, J. Tempering reactions and elemental redistribution during tempering 
of martensitic stainless steels. Metall. Mater. Trans. A 50(8), 3663–3673. https ://doi.org/10.1007/s1166 1-019-05272 -3 (2019).
 13. Bhadeshia, H. K. D. H., Kundu, S. & Abreu, H. Mathematics of crystallographic texture in martensitic and related transformations. 
In Microstructure and Texture in Steels (eds Haldar, A. et al.) 19–31 (Springer, London, 2009).
 14. Bhadeshia, H. K. D. H. Worked Examples in the Geometry of Crystals (Institute of Metals, London, 1987).
 15. Suh, D. W., Oh, C. S., Han, H. N. & Kim, S. J. Dilatometric analysis of phase fraction during austenite decomposition into banded 
microstructure in low-carbon steel. Metall. Mater. Trans. A 38(12), 2963–2973. https ://doi.org/10.1007/s1166 1-007-9361-9 (2007).
 16. Farooque, M., Qaisar, S., Khan, A. Q. & Haq, A. U. Dimensional anisotropy in 18 pct Ni maraging steel. Metall. Mater. Trans. A 
32(5), 1057–1061 (2001).
 17. Siegmund, T., Werner, E. & Fischer, F. D. The irreversible deformation of a duplex stainless steel under thermal cycling. Mater. Sci. 
Eng. A 169(1–2), 125–134 (1993).
 18. Mola, J., Chae, D. & De Cooman, B. C. Dilatometric analysis of anisotropic dimensional changes in a 16 Pct Cr stainless steel with 
a planar banded structure. Metall. Mater. Trans. A 41(6), 1429–1440. https ://doi.org/10.1007/s1166 1-010-0206-6 (2010).
 19. Cong, Z. H. et al. Stress and strain partitioning of ferrite and martensite during deformation. Metall. Mater. Trans. A 40(6), 
1383–1387. https ://doi.org/10.1007/s1166 1-009-9824-2 (2009).
 20. Ankem, S. & Margolin, H. A rationalization of stress-strain behavior of two-ductile phase alloys. Metall. Trans. A 17(12), 2209–2226 
(1986).
 21. Neti, S., Vijayshankar, M. N. & Ankem, S. Finite element method modeling of deformation behavior of two-phase materials part 
II: Stress and strain distributions. Mater. Sci. Eng. A 145(1), 55–64 (1991).
 22. Onink, M. et al. The lattice parameters of austenite and ferrite in Fe-C alloys as functions of carbon concentration and temperature. 
Scr. Metall. Mater. States 29(8), 1011 (1993).
 23. Allain, S. Y. P. et al. In-situ investigation of quenching and partitioning by high energy X-ray diffraction experiments. Scr. Mater. 
131, 15–18. https ://doi.org/10.1016/j.scrip tamat .2016.12.026 (2017).
 24. Mary, N., Vignal, V., Oltra, R. & Coudreuse, L. Finite-element and XRD methods for the determination of the residual surface 
stress field and the elastic–plastic behaviour of duplex steels. Philos. Mag. 85(12), 1227–1242 (2005).
 25. Daymond, M. R. & Bonner, N. W. Lattice strain evolution in IMI 834 under applied stress. Mater. Sci. Eng. A 340(1–2), 272–280 
(2003).
 26. Santisteban, J. R., Edwards, L., Steuwer, A. & Withers, P. J. Time-of-flight neutron transmission diffraction. J. Appl. Crystallogr. 
34(3), 289–297. https ://doi.org/10.1107/S0021 88980 10032 60 (2001).
11
Vol.:(0123456789)
Scientific RepoRtS |        (2020) 10:13536  | https://doi.org/10.1038/s41598-020-70299-1
www.nature.com/scientificreports/
 27. Huang, Q., De Cooman, B. C., Biermann, H. & Mola, J. Influence of Martensite fraction on the stabilization of austenite in auste-
nitic–martensitic stainless steels. Metall. Mater. Trans. A 47, 1947–1959 (2016).
 28. Verhoeven, J. D. A review of microsegregation induced banding phenomena in steels. J. Mater. Eng. Perform. 9(3), 286–296. https 
://doi.org/10.1361/10599 49007 70345 935 (2000).
 29. Krebs, B., Germain, L., Hazotte, A. & Gouné, M. Banded structure in dual phase steels in relation with the austenite-to-ferrite 
transformation mechanisms. J. Mater. Sci. 46(21), 7026–7038. https ://doi.org/10.1007/s1085 3-011-5671-9 (2011).
 30. Forouzan, F., Borasi, L., Vuorinen, E. & Mücklich, F. Optimization of quenching temperature to minimize the micro segregation 
induced banding phenomena in quenching and partitioning (Q&P) steels. Steel Res. Int. 90(1), 1800281. https ://doi.org/10.1002/
srin.20180 0281 (2019).
 31. HajyAkbary, F. et al. A quantitative investigation of the effect of Mn segregation on microstructural properties of quenching and 
partitioning steels. Scr. Mater. 137, 27–30. https ://doi.org/10.1016/j.scrip tamat .2017.04.040 (2017).
 32. Suutala, N., Takalo, T. & Moisio, T. Ferritic-austenitic solidification mode in austenitic stainless steel welds. Metall. Trans. A 11(5), 
717–725. https ://doi.org/10.1007/BF026 61201 (1980).
 33. Gardner, L., Insausti, A., Ng, K. T. & Ashraf, M. Elevated temperature material properties of stainless steel alloys. J. Constr. Steel 
Res. 66(5), 634–647 (2010).
 34. Crank, J. The Mathematics of Diffusion 2nd edn. (Clarendon Press, Oxford, 1975).
 35. Meyer, M. D. & Vanderschueren, D. The Characterization of Retained Austenite in TRIP Steels by X ray Diffraction, 10 (1999).
 36. Roberts, C. S. Effect of carbon on the volume fractions and lattice parameters of retained austenite and martensite. Trans. AIME 
197(2), 203–204 (1953).
 37. Huang, J., Vogel, S. C., Poole, W. J., Militzer, M. & Jacques, P. The study of low-temperature austenite decomposition in a Fe–C–
Mn–Si steel using the neutron Bragg edge transmission technique. Acta Mater. 55(8), 2683–2693. https ://doi.org/10.1016/j.actam 
at.2006.11.049 (2007).
 38. Yu, D., Chen, Y., Huang, L. & An, K. Tracing phase transformation and lattice evolution in a TRIP sheet steel under high-temper-
ature annealing by real-time in situ neutron diffraction. Crystals 8(9), 360. https ://doi.org/10.3390/cryst 80903 60 (2018).
 39. M. Ren, Diploma Thesis, TU Bergakademie Freiberg (2017).
 40. Bhadeshia, H. & Honeycombe, R. Steels: Microstructure and Properties (Butterworth-Heinemann, Oxford, 2017).
 41. Park, R. J. T. Seismic performance of steel-encased concrete piles (1986).
 42. Desu, R. K., Nitin Krishnamurthy, H., Balu, A., Gupta, A. K. & Singh, S. K. Mechanical properties of austenitic stainless Steel 304L 
and 316L at elevated temperatures. J. Mater. Res. Technol. 5(1), 13–20. https ://doi.org/10.1016/j.jmrt.2015.04.001 (2016).
 43. Ankem, S., Margolin, H., Greene, C., Neuberger, B. & Oberson, P. Mechanical properties of alloys consisting of two ductile phases. 
Prog. Mater. Sci. 51(5), 632–709. https ://doi.org/10.1016/j.pmats ci.2005.10.003 (2006).
 44. Cho, K. & Gurland, J. The law of mixtures applied to the plastic deformation of two-phase alloys of coarse microstructures. Metall. 
Trans. A 19(8), 2027–2040 (1988).
 45. Duprez, L., De Cooman, B. C. & Akdut, N. High-temperature stress and strain partitioning in duplex stainless steel. Z. Für Met. 
93(3), 236–243. https ://doi.org/10.3139/146.02023 6 (2002).
 46. Callister, W. D. & Rethwisch, D. G. The structure of crystalline solids. in Material Science Engineering Introduction, 38–79 (Wiley, 
2007).
 47. Timoshenko, S. & Goodier, J. N. Theory of Elasticity (McGraw Hill, New York, 1970).
 48. Tylek, I. & Kuchta, K. Physical and Technological Properties of Structural Stainless Steel, 20.
 49. Huang, Q., Volkova, O., Biermann, H. & Mola, J. Tensile elongation of lean-alloy austenitic stainless steels: Transformation-induced 
plasticity versus planar glide. Mater. Sci. Technol. 33(10), 1224–1230. https ://doi.org/10.1080/02670 836.2016.12770 91 (2017).
 50. Goswami, M., Goyal, S., Kumar, A., Harmain, G. A. & Albert, S. K. Effect of triaxial state of stress on tensile behavior of modified 
9Cr-1Mo steel. J. Mater. Eng. Perform. https ://doi.org/10.1007/s1166 5-020-04670 -8 (2020).
 51. Goyal, S., Laha, K., Das, C. R., Panneerselvi, S. & Mathew, M. D. Finite element analysis of effect of triaxial state of stress on creep 
cavitation and rupture behaviour of 2.25Cr–1Mo steel. Int. J. Mech. Sci. 75, 233–243. https ://doi.org/10.1016/j.ijmec sci.2013.07.005 
(2013).
 52. Dieter, G. E. & Bacon, D. Mechanical Metallurgy (McGraw-Hill, London, 1988).
 53. Huang, Q., Schröder, C., Biermann, H., Volkova, O. & Mola, J. Influence of martensite fraction on tensile properties of quenched 
and partitioned (Q&P) martensitic stainless steels. Steel Res. Int. 87(8), 1082–1094. https ://doi.org/10.1002/srin.20150 0472 (2016).
Acknowledgements
The financial support of German Research Foundation (DFG) under grant number MO 2580/1-2 is gratefully 
acknowledged. Open access funding provided by Projekt DEAL.
Author contributions
Q.H. and J.M. designed the study. H.B., O.M., S.K. and Q.H. carried out the neutron diffraction experiments. 
R.S. and Q.H. analyzed the data and drafted the manuscript. O. Muránsky supported the data analysis. R. S. and 
J.M. reinterpreted the data and restructured the manuscript. C.S., O.V. and H.B. contributed to the discussion 
and commented on the manuscript. All authors reviewed the manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to J.M.
Reprints and permissions information is available at www.nature.com/reprints.




Scientific RepoRtS |        (2020) 10:13536  | https://doi.org/10.1038/s41598-020-70299-1
www.nature.com/scientificreports/
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
